Rationale Previous studies have shown that adenosine A 2A receptors are colocalized with dopamine D 2 receptors on striatal neurons. Activation of these two receptors has antagonistic effects under a number of conditions suggesting that stimulation of adenosine A 2A receptors may have behavioral effects resembling those produced by blockade of dopamine D 2 receptors, but this possibility has been investigated in a limited number of situations.
Introduction
In recent years, much attention has been focused on the A 2A adenosine receptor. This receptor is found at very high levels in the striatum where it is concentrated on striatopallidal neurons which also express D 2 dopamine receptors (Augood and Emson 1994; Fink et al. 1992; Schiffmann et al. 1991) . Stimulation of dopamine D 2 and adenosine A 2A receptors has opposite effects on the production of cAMP in these cells (Svenningsson et al. 1998) , and A 2A receptor activation reduces the affinity of dopamine at D 2 receptors through a direct intramembrane interaction (Fuxe et al. 2005) . Consistent with these antagonistic interactions at the molecular level, A 2A receptor activation can also antagonize many of the neurochemical and behavioral effects produced by stimulation of D 2 dopamine receptors. For example, the prototypic A 2A agonist CGS-21680 is able to block D 2 agonist-induced inhibition of pallidal GABA release (Ferre et al. 1993; Mayfield et al. 1996) . CGS-21680 has also been shown to block both the rotation (Morelli et al. 1994 (Morelli et al. , 1995 and the pallidal Fos expression (Morelli et al. 1995) induced by D 2 agonists in rats with unilateral 6-OHDA lesions. Furthermore, A 2A agonists, like D 2 antagonists, inhibit apomorphine stereotypy (Rimondini et al. 1998 ) and antagonize both the locomotor hyperactivity (Rimondini et al. 1997 ) and the striatal Fos expression induced by injections of amphetamine (Turgeon et al. 1996) .
These results suggest that the effects of adenosine A 2A agonists resemble those of selective D 2 antagonists, and several authors have suggested that these agents, like D 2 antagonists, may be clinically useful as antipsychotic agents (Fuxe et al. 2007; Hauber and Munkle 1997; Rimondini et al. 1997; Weiss et al. 2003; Wardas 2008) . It has also been suggested that they may be useful in the control of abnormal or stereotypic movements in Huntington's disease (Popoli et al. 1994 ) and autism (Tanimura et al. 2010) . In order to evaluate these possibilities and gain greater insight into the function of A 2A adenosine receptors, it would clearly be useful to know how close the parallels in the behavioral effects of A 2A agonists and dopamine antagonists really are, especially in situations more complex than those involved in measuring locomotor activity and rotation. The available evidence on this point with systemic administration of these drugs is relatively limited. Font et al. (2008) reported that CGS-21680 suppressed foodreinforced lever pressing but, unlike D 2 antagonists, did not induce a compensatory increase in the intake of a freely available, but less preferred, food. These authors concluded that the resemblance between the effects of CGS-21680 and D 2 antagonists was superficial and that the effects of the adenosine agonist were most likely secondary to sedative effects , not shared by D 2 antagonists. In the current study, we further explored this issue using a different behavioral paradigm. D 2 antagonists exert a highly characteristic temporal pattern of effects on operant behavior in which responding is relatively normal at the start of testing but becomes progressively suppressed across the duration of the test session (Fowler 1990; Hammond et al. 1991; Sanger 1986; Sanger and Perrault 1995; Wirtshafter and Asin 1985; Wise et al. 1978a, b) . This pattern of effects resembles that seen in extinction (we have referred to it as "pseudoextinction," since reward is always present (Wirtshafter and Asin 1985) and has supported the controversial theory that dopamine plays an essential role in reinforcement. The temporal pattern of the effects of CGS-21680 on operant behavior has not previously been examined; if the actions of this drug do indeed resemble those of classical D 2 antagonists, one would expect that it would also induce an "extinctionlike" decline in responding. In the current study, we tested this possibility by comparing the effects of a range of doses of CGS-21680 to those produced by the preferential D 2 dopamine antagonist haloperidol. For comparative purposes, we also examined the sedative-hypnotic agent sodium pentobarbital.
Methods

Animals
Nine adult male Sprague Dawley-derived rats weighing approximately 350 g were obtained from a colony maintained by the Psychology Department of the University of Illinois at Chicago. The animals were housed individually and maintained on a 12:12-h light/dark schedule. All testing took place during the light phase of the cycle. Beginning 1 week prior to the start of magazine training, rats were placed on a restricted feeding schedule until their body weights had declined to 85% of their initial weights. Thereafter, animals were weighed daily, and their food rations adjusted to maintain them at these weights. Unrestricted access to water was available throughout the experiments. Experimental procedures were approved by the U.I.C. Animal Care Committee.
Apparatus
Behavioral testing was conducted in operant conditioning chambers manufactured by Lehigh Valley Electronics. The boxes measured 24 cm wide by 20.5 cm deep by 26 cm high and were each equipped with two levers that were separated by the food hopper. The levers were mounted 2.5 cm above the grid floor and extended 2 cm into the box. Only the right side lever was active during the sessions. Standard 45 mg Noyes food pellets were used as reinforcers and were delivered on depression of the levers. The boxes were installed inside sound-attenuating chambers with an exhaust fan running to provide ventilation. Illumination during the sessions was provided by a house light located at the top of the back wall of the boxes. The operant conditioning schedules were controlled by a computer located in an adjacent room using MED-PC software (Med Associates, St. Albans, VT). The times at which individual lever presses were made and reinforcers delivered were measured to the nearest 0.1 s. Cumulative records were constructed using the SOFTCR program (Med Associates). Post-reinforcement pauses (PRPs) were also measured in animals performing on the fixed ratio 15 (FR15) schedule (see below). In the majority of cases, the inter-response intervals following reinforcer delivery were substantially longer than those occurring during execution of the ratio, and this value was taken as the PRP. In about 20% of cases, however, one or, rarely, two very short (mean=0.18 s) inter-response intervals occurred immediately following reinforcer delivery which were then followed by a much longer pause typical of those usually seen after reinforcement. Since these short inter-response times are not long enough for the animals to move to the hopper, retrieve the food, and press the lever, these trials presumably represent occasions in which the rat emitted one or two extra lever presses before visiting the hopper. In these cases, therefore, the first response exceeding 0.5 s was taken as the PRP (mean value=6.3 s).
Drugs
Haloperidol and CGS-21680 (2-p-(2-carboxyethyl) phenethylamino-5′-N-ethylcarboxamidoadenosine) were obtained from Sigma Chemical Co. (St. Louis, MO, USA). Haloperidol was prepared in 30% propylene glycol, which was acidified with the minimum amount of acetic acid necessary to dissolve the compound. CGS-21680 was prepared in 30% dimethylsulfoxide. Sodium pentobarbital (Sigma) was dissolved in a solution of 40% propylene glycol.
Procedure
All subjects received 3 days of 20-min-long magazine training sessions during which individual food pellets were presented on a fixed-time 45-s schedule. Animals were then manually shaped to lever press, after which they were placed on a continuous reinforcement (FR1) schedule for two daily 20-min sessions. Over the next 2 weeks, the schedule requirement was gradually increased from FR1 to FR15. Animals were run 5 days per week for the remainder of the experiments. Rats were run for 7 days under the FR15 schedule after which drug testing was begun. Six animals were used in the main experiment; these subjects were first tested with various doses of CGS-21680. Rats were placed in the operant conditioning chambers for 20-min-long sessions beginning 20 min following intraperitoneal (i.p.) injections of vehicle or of CGS-21680 at doses of 0.064, 0.128, or 0.256 mg/kg. Individual subjects received these four injections in a counterbalanced order, and at least 3 days intervened between successive drug tests, during which time subjects received at least two daily runs in the operant conditioning chambers. Four days following the completion of testing with CGS-21680, analogous methods were used to examine the response to injections of haloperidol; this drug was administered subcutaneously, and rats were run 30 min following s.c. injections of either vehicle or haloperidol at doses of 0.025 or 0.1 mg/kg. Three days following the completion of these studies, rats were tested, using identical methods, following i.p. injections of vehicle or of sodium pentobarbital at doses of either 10 or 15 mg/kg. Three additional animals were trained on the FR15 schedule as described above; as a part of another experiment, these animals were tested for 1 day on extinction and then retrained for 3 days on the FR15 schedule after which they were tested 1 h following injections of the high dose of haloperidol using methods identical to those described above.
Results
CGS-21680
CGS-21680 produced a marked, dose-dependent suppression of lever pressing which was monotonic in all six of the subjects (upper panel of Fig. 1 ). When responding was examined in 5-min time bins (Fig. 1) , it was apparent that mean rates of responding for drug-treated animals tended to be relatively stable across the duration of the session. We these data statistically by means of a 4×4 (dose × time bin) repeated measures ANOVA which indicated a significant effect of CGS-21680 dose (F(3,15)=40.56, p< 0.0001) but no effect of time or of the dose × time interaction (p>0.1), indicating that CGS-21680 treatment did not alter the distribution of responding across the session We also examined latencies to initiate lever pressing following placement in the operant conditioning chambers; mean latencies were almost identical at the three lowest doses (39.8±17.8, 45.9±24.4, and 41.1±11.9 s) and tended to increase slightly at the highest dose (77.6±22.6 s), but a one-way repeated measures ANOVA indicated that these differences were not statistically significant (F<1).
Examination of cumulative records indicated that all subjects displayed a characteristic pattern of responding following treatment with the adenosine agonist. As an example, Fig. 2 displays the cumulative records of a single representative subject following injections of vehicle or of the various doses of CGS-21680. As can be seen in the upper left panel of the figure, this subject, following vehicle injections, pressed at a high and constant rate throughout the session, with only brief pauses apparent after reinforcements. As the dose of CGS-21680 was incremented, the overall rate of responding decreased, and pronounced pauses became apparent following reinforcements. Nonetheless, there were no consistent changes in the rate of responding across the duration of the session. In order to quantitatively explore the effects of CGS-21680 on PRP duration, we examined the mean duration of the first two PRPs across all of the subjects. As can be seen in the upper trace of Fig. 3 , mean PRP duration increased almost linearly with CGS-21680 dose. A one-way repeated measures ANOVA conducted on log PRP duration indicated a significant effect of CGS-21260 dose (p<0.01). (We examined just the first two PRPs in order to make these data comparable to those obtained under haloperidol (see below), as one subject under that condition completed only two ratios. Similar results were obtained if PRPs were examined across the entire session; e.g., the mean overall PRP duration after saline was 2.0±0.3 versus 29.8±8.4 s after 0.250 mg/kg CGS-21680.)
Haloperidol
The lower panel of Fig. 1 demonstrates that haloperidol, like CGS-21680, produced a dose-dependent decrease in overall rate of responding which was monotonic in all six subjects. As can be seen in the figure, the rate of responding after haloperidol, but not vehicle, tended to decrease across time, a pattern which was seen in all of the animals at the high dose and five of the six animals at the low dose. A 3×4 (dose × time bin) repeated measures ANOVA indicated significant effects of both dose (F(2,19)=39.6, p<0.0001) and dose × time interaction (F(6,30)=4.35, p<0.003). Post hoc tests of linear trends indicated that response rates declined significantly across time at the 0.1-mg/kg dose of haloperidol (p< 0.006). A similar trend was also seen at the 0.025 dose but was only significant one-tailed (p<0.1). Responding under Cumulative records for a representative subject are shown in Fig. 4 where it can be seen that haloperidol treatment resulted in a marked tendency for a within-session decline in the rate of responding. Following treatment with even the highest dose of haloperidol, this subject began pressing at a relatively normal rate before beginning to slow down. Furthermore, the "break and run" pattern, characterized by marked prolongation of post-reinforcement pauses, that was so apparent after CGS-21680 treatment is not evident here. The mean duration of the first two PRPs after treatment with vehicle or haloperidol is shown in Fig. 3 where it can be seen that, in contrast to the effects observed after CGS-21680, there was only a small trend for PRP duration to increase during the first two trials, which was not significant by ANOVA (p>0.2). In many cases, pauses in responding could be seen in the cumulative records of haloperidol-treated rats (c.f., Fig. 4 ), but these did not seem to be specifically associated with post-reinforcement pauses, as was the case for animals treated with CGS-21680. In order to evaluate this possibility, we determined for each animal, across all of its haloperidol runs, the percentage of the pauses in responding longer than 15 s that were post-reinforcement pauses. This analysis indicated that only 46% of these stoppages occurred following food delivery, and the majority of the pauses therefore interrupted the performance of the ratio.
In order to confirm the decremental nature of the haloperidol effect, three additional animals were tested 1 h following injections of haloperidol; all of these subjects showed a decrement in responding across the test session with responses declining from 411±90 (mean ± SEM) in the first 5-min period to 51±51 in the last.
Sodium pentobarbital
Injections of sodium pentobarbital also tended to suppress lever pressing; mean total responses (±SEM) across the test session were 2,658±187, 1,622±322, and 1,408±268 for the saline, 10 and 15 mg/kg doses, respectively. In contrast to the decremental pattern seen with haloperidol, rates of responding actually tended to increase slightly across the duration of the session. Analysis of these results by means of a 3×4 (dose × time bin) ANOVA indicated a significant effect of dose (F(2,19)=7.17, p<0.01), but neither the time nor the dose × time interaction were significant (p>0.2). PRP duration, measured as described above, tended to increase following pentobarbital injections, but this effect was also not significant.
Discussion
In agreement with the results of previous studies (Font et al. 2008; Mingote et al. 2008) , the current findings indicate that the prototypical selective adenosine A 2A agonist CGS-21680, like the preferential D 2 antagonist haloperidol, is able to produce a marked suppression of food-reinforced lever pressing in rats. It should be noted that the doses used here were much lower than those which have been reported to induce catalepsy (Kafka and Corbett 1996; Rimondini et al. 1997) and are similar to those which have been reported to antagonize the locomotor activity induced by amphetamine (1 mg/kg) (Rimondini et al. 1997) .
Although the behavioral suppression produced by CGS-21680 in the current study superficially resembled that produced by haloperidol, closer examination revealed marked differences in the effects of the two drugs. In agreement with the results of previous investigators (Fowler 1990; Sanger 1986; Sanger and Perrault 1995; Wirtshafter and Asin 1985) , haloperidol produced a temporally graded suppression of fixed ratio responding with performance being relatively high at the start of the session but decaying thereafter. Similar "pseudoextinction" patterns have been reported after treatment with a variety of neuroleptic drugs (Sanger 1986; Sanger and Perrault 1995; Wise et al. 1978b) . We observed a similar pattern of responding in three additional animals tested 1 h following haloperidol administration, suggesting that the within-session decline in response rate was not related to the time course of drug absorption or metabolism. It is likely that this pattern of effects results primarily from blockade of dopamine D 2 -like receptors since the selective D 1 -like antagonist SCH-23390 does not produce a within-session decline in responding (Sanger 1987) . In agreement with the report of Fowler (1990) , examination of individual cumulative records suggested that much of the decrement in the performance Fig. 3 Mean duration of the first two PRPs following treatment with haloperidol or its vehicle (filled circles) or CGS-21680 and its vehicle (squares). Error bars indicate SEMs seen in haloperidol-treated animals was due to relatively sudden terminations of responding before the ends of the sessions. It is extremely unlikely that the within-session decline we observed after haloperidol was somehow the result of the animals' prior experience with CGS-21680, because other authors have observed similar patterns in drug-naive rats (Wise et al. 1978b) .
In contrast, we found that the effects of CGS-21680 did not vary as a function of time; performance in these animals appeared to be as suppressed at the start of the session as it was at the end. We also observed a nondecremental pattern of responding following injections of the sedative agent sodium pentobarbital, a result similar to that reported by Hammond et al. (1991) . Similar findings of nondecremental attenuation of responding have been reported following injections of a variety of compounds including dantrolene (Hammond et al. 1991) , chlordiazepoxide, clonidine, morphine, and methocarbamol (Sanger 1986 ). These contrasting temporal patterns of deficits indicate that different drugs are able to suppress operant behavior through diverse behaviorally distinguishable mechanisms; the current findings additionally provide Fig. 4 Cumulative records showing the lever-pressing performance of a single animal treated with vehicle (top) or with haloperidol at doses of 0.025 (middle) or 0.10 mg/kg (bottom). Records are from the same animal shown in Fig. 2 , and this subject was tested first with the 0.10-mg/kg dose of haloperidol, followed by the 0.025 dose and finally after vehicle. The arrows indicate examples of the rat initiating pauses a substantial number of presses into the ratio further evidence that the production of within-session declines in response output on FR schedules is an uncommon effect which currently appears to be restricted to D 2 dopamine blockers.
In addition to producing different temporal patterns of lever pressing, haloperidol and CGS-21680 also differed in their effects on PRPs. Examination of cumulative records indicated that higher doses CGS-21680 produced large increases in the duration of post-reinforcement pauses that were present from the beginning of the sessions and continued throughout their duration. The basis for this effect is uncertain, as is type of behavior engaged in during the pauses, but a number of other pharmacological and behavioral manipulations (Grove and Thompson 1970; Sidman and Stebbins 1954) have also been shown to produce relatively selective effects on this variable, and its sensitivity must reflect something about the basic nature of fixed ratio schedules. In contrast, haloperidol had a much smaller influence on PRPs and did not significantly alter their duration during the initial ratios. Although individual long PRPs could be seen after haloperidol, they were erratic in their occurrence, and prolonged pauses were not exclusively linked to PRPs; in fact, about half of the long pauses in responding after haloperidol did not follow reinforcement. Similar observations have been made following treatment with reserpine (Dews 1956 ).
The present results indicate that systemic administration of CGS-21680 produces effects on behavior maintained on a fixed ratio schedule that are clearly distinct from those seen after blockade of dopamine D 2 receptors. In fact, the current results demonstrate a double dissociation of the two drugs; thus, haloperidol, but not CGS-21680, produces a within-session decline in response rate, whereas the latter drug produces a more marked effect on PRPs. These results are compatible with those of Font et al. (2008) who found that haloperidol, but not CGS-21680, induced a reallocation of effort in a concurrent operant/free feeding situation. These discrepancies are, perhaps, surprising given the extent of colocalization of A 2A and D 2 receptors on striatopallidal neurons. Several explanations are possible. First, the behavioral effects of CGS-21680 observed here may not have been mediated through striatopallidal cells. A 2A receptors are found at a number of other sites in the brain and periphery (Cunha et al. 1994; Rosin et al. 1998) , and, even within the striatum, CGS-21680 has been found to exert presynaptic effects (Quiroz et al. 2009 ). It is possible that CGS-21680 may produce suppressive effects through an action at these loci at doses lower than those needed to influence striatopallidal neurons. This possibility is supported by the fact that most studies which have observed effects on striatal functioning have used doses substantially higher than those employed here (Boegman and Vincent 1996; Karcz-Kubicha et al. 2006; Morelli et al. 1994 Morelli et al. , 1995 Pinna et al. 1997) . If this hypothesis is correct, it is possible that CGS-21680 might exert effects more similar to those of dopamine antagonists if it were injected directly into the brain. A result of this type has indeed been observed by Font et al. (2008) who found that intraaccumbens injections of CGS-21680 reduced lever pressing but increased food intake in a concurrent operant/free food task. (It should be noted that the pseudoextinction pattern may be more closely related to the dorsal striatum than to the nucleus accumbens (Beninger and Ranaldi 1993) .) A second possibility is that while the effects of both CGS-21680 and haloperidol may be exerted through striatopallidal neurons, the two drugs may affect these cells in distinct ways. Fowler (1990) , for example, has suggested that the extinction-like decline in performance induced by neuroleptics results from a specific interaction between dopamine receptor blockade and changes in dopamine availability across the duration of the session. If this theory is correct, neuroleptic-like effects would not be expected to result from drugs which influence striatopallidal neurons through nondopaminergic mechanisms. It is interesting that intraaccumbens infusions of CGS-21680 have been found to induce sleep (Satoh et al. 1999) , an effect which may be related to the sedation reported after systemic injections .
The functional interrelations between D 2 and A 2A receptors have suggested to a number of authors that adenosine A2 A agonists may have utility as antipsychotics (Fuxe et al. 2007; Hauber and Munkle 1997; Rimondini et al. 1997; Weiss et al. 2003; Wardas 2008) . The current findings provide no support for this theory insofar as the effects of this agent did not resemble those of a classical antipsychotic agent. It is not clear, however, that the production of within-session declines in operant behavior is correlated with the antipsychotic effects of neuroleptics rather than their extrapyramidal side effects. The latter possibility is suggested by the fact that graded decrements in responding are not prominent after the atypical neuroleptic clozapine (Sanger 1986 ). On the other hand, it is unlikely that A 2A agonists would be useful as antipsychotics or as treatments for autistic or choreatic movement disorders (Popoli et al. 1994; Tanimura et al. 2010) , if they have behavioral side effects at doses lower than those needed to alter the function of striatal indirectpath cells. Further studies will be needed to sort out these possibilities.
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